Introduction {#S0001}
============

Hepatic cancer is the most common primary liver malignancy, with a prevalence of 5th in males and 7th in females, and is the 3rd cause of cancer-related death worldwide.[@CIT0001],[@CIT0002] In 2013, there were about 792,000 new cases of liver cancer in the world and 818,000 cases of liver cancer-related deaths, of which 86% were in developing countries. Among the developing countries, liver cancer is the 5th most common cause of morbidity and the 2nd most common cause of mortality.[@CIT0003] The occurrence and development of liver cancer are related to many factors. In the developed countries, such as Europe and United States, obesity, adult diabetes and internal environmental disorders are the main stimulating factors of liver cancer, while in the developing countries, hepatitis viruses (HBV and HCV), long-term intake of ethanol, and aflatoxin-contaminated food play an important role in the formation of liver cancer.[@CIT0004],[@CIT0005] Surgical resection is the preferred option for early-stage liver cancer patients and confers 5-year survival rates of 70%. However, for patients with intermediate or advanced stage hepatic cancer, only chemoembolization and chemotherapy were optional.[@CIT0006] The current therapies of hepatic cancer are still not ideal, commonly associated with recurrence, metastasis, severe side effect, and drug resistance.[@CIT0007] Hence, the safer and efficacious novel agents are urgently needed for the treatment of hepatic cancer.

Hepatic cancer is a malignant tumor with high metastatic potential, and its recurrence and metastasis are the main causes of treatment failure and death in most hepatic cancer patients.[@CIT0008],[@CIT0009] Metastasis is a complex and dynamic process, which includes the tumor cell exfoliation, vascularized metastasis, new site tumor formation, and other biological behaviors.[@CIT0010] Studies have shown that epithelial-mesenchymal transition (EMT) plays an important role in metastasis of malignant tumors, making the tumor cells more flexible, invasive and migratory, thus promoting tumor metastasis and spread.[@CIT0011] Therefore, inhibition of tumor cell EMT has a positive significance for the treatment of tumors.

In recent decades, natural original products or their derivatives have become an important source of discovering and developing new anticancer drugs.[@CIT0012] Atractylon is a sesquiterpenoid isolated from *Atractylodes lancea* (Thunb.) DC. and *Atractylodes chinensis* (DC.) Koidz., which used to treatment of several diseases such as rheumatic diseases, digestive disorders, hepatic protection and influenza for a long history in China.[@CIT0013] In the early 1980s, atractylon was found to show significant hepatoprotective activity, which could prevent liver damage induced by carbon tetrachloride (CCl~4~) and inhibit hepatocyte DNA damage induced by tert-butyl hydroperoxide.[@CIT0014]--[@CIT0016] In recent years, the studies have reported that atractylon also has anti-inflammatory, antinociceptive, antiviral, anti-ulcer and Na^+^/K^+^-ATPase inhibition activity.[@CIT0017]--[@CIT0019] However, only a few reports on antitumor activity except Yu et al reported that atractylon could inhibit tumor promotion in mouse skin two-stage carcinogenesis induced by 12-O-tetradecanoylphorbol-13-acetate following 7,12-dimethylbenz\[a\]anthracene initiation in mice.[@CIT0020] In this study, we investigated the effect of atractylon on apoptosis, invasion and migration of hepatic cancer.

Materials and methods {#S0002}
=====================

Cell lines and animals {#S0002-S2001}
----------------------

The hepatic cancer cell lines HepG2, SMCC7721, and MHCC97H were obtained from ATCC (MD, USA). These cells were cultured in DMEM supplement with 10% FBS and 1% antibiotics at 5% CO~2~ at 37 °C. NOD/SCID mice (18\~22 g, 6\~8 weeks) were obtained from Beijing Huafukang bioscience Co. INC. (Beijing, China). The mice were housed in a standard laboratory condition (temperature 22±2 °C and humidity 50\~60%). All animal experiments were performed in accordance with the guidelines of the Experimental Research Institute of Shuguang Hospital affiliated to Shanghai University of Traditional Chinese Medicine. The animal experiment was approved by the medical ethics committee of the Experimental Research Institute of Shuguang Hospital affiliated to Shanghai University of Traditional Chinese Medicine.

MTT assay {#S0002-S2002}
---------

The cell viability was detected by MTT method. Briefly, the HepG2, SMCC7721, and MHCC97H cell suspensions were planted in 96-well culture plate at 1×10^4^ cells/well respectively and grown for 12 h. Varying concentrations of atractylon (0, 5, 10, 20 μM) were added and incubated for 24, 48, and 72 h, respectively. Then 20 μl MTT (5 mg/ml) was added and incubated at 37 °C for an additional 4 h. The supernatants were removed and the formazan dissolved in 150 μl DMSO for 10 min. The absorbance was recorded at 570 nM by a micro-plate reader (Bio-Rad).

Colony formation analysis {#S0002-S2003}
-------------------------

The HepG2, SMCC7721, and MHCC97H cell suspensions were planted in a 6-well culture plate at 1×10^3^ cells/well respectively and grown for 12 h. The supernatants were removed and the fresh media containing atractylon (5, 10, and 20 μM) were added. The media that contained 0.1% DMSO were added as a control. The cells were cultured for 2 weeks at 5% CO~2~ 37 °C, and the media were replaced every three days. In the end, the supernatants were removed and the cells washed with PBS twice. Then the methanol was added to fix the colonies for 15 min. The colonies were stained with crystal violet solution (0.5%) for 30 min. Finally, the colonies with \>10 cells were recorded under a microscope.

Flow cytometry analysis {#S0002-S2004}
-----------------------

The apoptosis of HepG2 and MHCC97H cells were detected by flow cytometry. Briefly, the HepG2 and MHCC97H cell suspensions were inoculated into the cell culture flask at 1×10^6^ cells/flask respectively and grown for 12 h. The supernatants were removed, the fresh media containing atractylon (5, 10, and 20 μM) were added. The media that contained 0.1% DMSO were added as a control. The cells were cultured for 24 h. Then the cells were collected and washed with PBS twice and filtered through a 300 mesh nylon mesh to prepare a single cell suspension. Then the Annexin V-FITC apoptosis detection kit was used to determine the apoptosis rates following to manufacturer's instructions by flow cytometry.

Mitochondrial membrane potential (∆Ψm) analysis {#S0002-S2005}
-----------------------------------------------

The ∆Ψm of HepG2 and MHCC97H cells were detected by Rhodamine 123. Briefly, the HepG2 and MHCC97H cell suspensions were inoculated into the cell culture flask at 1×10^6^ cells/flask respectively and grown for 12 h. The supernatants were removed and the fresh media containing atractylon (5, 10, and 20 μM) were added. The media that contained 0.1% DMSO were added as a control. The cells were cultured for 36 h. Then the cells were collected and washed with cold PBS and filtered through a 300 mesh nylon mesh to prepare a single cell suspension. Then 1 ml Rhodamine (5 μg/ml) solution was added and incubated for 30 min protection from light. The cells washed with PBS three times and resuspended in fresh media, then subject to ∆Ψm detection by FCM.

Mitochondrial isolation {#S0002-S2006}
-----------------------

Mitochondria were isolated from HepG2 and MHCC97H cells by using a Qproteome Mitochondria Isolation Kit (QIAGEN) according to the manufacturer's instructions. The isolated mitochondria were further purified using Percoll density gradient centrifugation. The supernatant that contains the cytosolic fraction was used for alternative experiments. Mitochondrial isolation was verified by staining for COX IV or ATP5A.

Migration and invasion analysis {#S0002-S2007}
-------------------------------

The migration and invasion ability of HepG2 and MHCC97H cells were detected by a Transwell chamber that contains polycarbonate filters with 8-μm pores. For the migration assay, 200 μl HepG2 or MHCC97H cell suspensions in serum-free media were added in the upper chamber at 5×10^4^ cells/well, 500 μl media that supplemented 10% FBS were added in the lower chamber. Different concentrations of atractylon were added in the upper and lower chambers to a final concentration of 5, 10, and 20 μM, respectively. The DMSO was added to 0.1% as a control. The cells were incubated at 37 °C for 24 h, then the unmigrated cells in the upper chamber were discarded. The migrated cells on the lower surface were fixed with ice-cold 95% ethanol and stained with 0.1% crystal violet. Then the chamber was inverted and the polycarbonate base film was cut and placed on a glass slide and mounted. The migrated cells in 5 randomly selected fields were quantitated under light microscopy. For the invasion assay, the 5 mg/ml Matrigel was diluted to a 1 mg/ml Matrigel with serum-free DMEM at 1:4. Then the upper chamber was coated with 50 μl of Matrigel (1 mg/ml). The following procedures were the same as the migration assay. The cells were incubated in 37 °C for 24 h, then the cells that did not penetrate through the membrane were removed with a cotton swab. The invaded cells on the underside were fixed with ice-cold 95% ethanol and stained with 0.1% crystal violet. Then the chamber was inverted and the polycarbonate base film was cut and placed on a glass slide and mounted. The cells in 5 randomly selected fields were quantitated under light microscopy.

Reactive oxygen species (ROS) analysis {#S0002-S2008}
--------------------------------------

The ROS level of HepG2 and MHCC97H cells was determined by DCFH-DA method. Briefly, the HepG2 and MHCC97H cell suspensions were planted in 6-well plates at 1×10^6^ cells/well respectively and grown for 12 h. The supernatants were removed, the fresh media containing atractylon (5, 10, and 20 μM) were added. The media that contained 0.1% DMSO was added as a control. The cells were cultured for 48 h. Then 10 μl DCFH-DA (5 μM) was added and incubated for 10 min in dark at 37 °C. After washing with PBS, the cells were observed under Zeiss fluorescence microscopy (Germany).

Western blot {#S0002-S2009}
------------

The expression of apoptosis- and migration-related proteins was determined by Western blot. Briefly, the HepG2 and MHCC97H cell suspensions were planted in 6-well plates at 1×10^6^ cells/well respectively and grown for 12 h. The supernatants were removed, the fresh media containing atractylon (5, 10, and 20 μM) were added. The medium that contained 0.1% DMSO was added as a control. The cells were cultured for 48 h. The cells were washed with PBS and harvested. The cell harvests or tissue samples were lysed with RIPA lysis buffer containing 1 mmol/l PMSF. The protein concentration was determined by BCA method. Nonspecific binding was blocked with 5% skimmed milk for 1.5 h, and the membranes were incubated with primary antibodies (Bcl-2, Bax, cleaved caspase-3, α-SMA, Vimentin, N-cadherin, E-cadherin, MMP-2, MMP-9, TIMP2, and GAPDH) overnight at 4 °C. The secondary antibody was incubated for 1 h at room temperature. The protein bands were visualized by chemiluminescent reagents and quantified under an Amersham prime ECL Plus detection system (Pittsburgh, PA).

Subcutaneous tumor model {#S0002-S2010}
------------------------

The NOD/SCID mice were implanted subcutaneously with 100 μl HepG2 cell suspensions (1×10^7^ cells/mouse) into the left dorsal. When the visible tumors at the injection sites grown up to 50--100 mm^3,^ the mice were randomly divided into 3 groups (n=6). The atractylon was dissolved in corn oil and given to the mice by intragastric administration at 5 and 10 mg/kg, which dosed at 0.1 ml/10 g of body weight for 15 d. The equal corn oil was given as a control. The tumor volume was measured every three days as follows the formula: Tumor volume (mm^3^) =0.5×L×W^2^, the L is the length and W is the width. In the end, the mice were sacrificed by cervical dislocation, the tumors, hearts, liver, lung, and kidney were excised. The tumors were photographed and weighed immediately. Then the tumors and organs were fixed in formaldehyde subject to HE and IHC analysis.

Immunohistochemistry analysis {#S0002-S2011}
-----------------------------

The fixed tumor tissues embedded in paraffin. The paraffin blocks were cut into 5 μm thick sections and mounted on glass slides. Then the sections were deparaffinized and rehydrated through xylene and graded alcohols and then immersed in the target retrieval solution in a water bath for 30 min. The endogenous peroxidase was blocked with 3% H~2~O~2~ for 15 min, and the nonspecific bindings were blocked with goat serum for 50 min. Then, the slides stained with Ki-67 primary antibodies and secondary antibody polymer HRP successively. Then the slices stained with DAB and counterstained with methyl green. Images were taken with a Leica microscope.

Histopathology {#S0002-S2012}
--------------

The fixed hearts, liver, lung, and kidney were embedded in paraffin. The paraffin blocks were cut into 5 μm thick sections and mounted on glass slides. The sections were deparaffinized and rehydrated through xylene and graded alcohols. Then the sections were stained with hematoxylin and eosin (H&E) for morphological evaluation under a Leica microscope.

Statistical analysis {#S0002-S2013}
--------------------

All data were presented as means ± SD. Statistical analysis was conducted by one-way ANOVA with SPSS 13.0. Statistical significance was accepted at *P*-values *\<*0.05.

Results {#S0003}
=======

Atractylon inhibits proliferation of hepatic cancer cells {#S0003-S2001}
---------------------------------------------------------

In this study, we conducted the MTT method and colony formation assay to evaluate the proliferation inhibition effect of atractylon on the hepatic cancer cell lines, including HepG2, SMCC7721, and MHCC97H. As shown in [Figure 1A](#F0001){ref-type="fig"}, atractylon decreased the cell viability of HepG2, SMCC7721, and MHCC97H cells in a concentration-dependent manner. As shown in [Figure 1B](#F0001){ref-type="fig"}, the inhibition rate of atractylon on HepG2, SMCC7721, and MHCC97H cells was increased in a concentration-dependent manner. The IC~50~ values of atractylon on HepG2, SMCC7721, and MHCC97H cells were 26.19, 22.32, and 34.14 μM, respectively ([Figure 1C](#F0001){ref-type="fig"}). Furthermore, atractylon also significantly inhibited the colony formation of HepG2, SMCC7721, and MHCC97H cells at 10 and 20 μM ([Figure 1D](#F0001){ref-type="fig"}).Figure 1The effect of atractylon on hepatic cancer cell proliferation. (**A**) The cell viability of atractylon on HepG2, LM3, and MHCC97H cells at 0, 5, 10, and 20 μM. (**B**) The inhibition rate of atractylon on HepG2, LM3, and MHCC97H cells at 0, 5, 10, and 20 μM. (**C**) The IC~50~ value of atractylon on HepG2, LM3, and MHCC97H cells. (**D**) The colony formation inhibition of atractylon (0, 5, 10, 20 μM) on HepG2, LM3, and MHCC97H cells for 2 weeks. The surviving colonies \>10 cells were counted. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001.**Abbreviation:** ns, not significant.

Atractylon promotes apoptosis of hepatic cancer cells {#S0003-S2002}
-----------------------------------------------------

We have demonstrated that atractylon showed a significant inhibition effect on proliferation of hepatic cancer cell lines, so we further explored the effect of atractylon on apoptosis by flow cytometry. As shown in [Figure 2A](#F0002){ref-type="fig"}, the normal cells that not stained showed in the lower left part, and the early apoptotic cells that stained only by Annexin V-FITC showed in the lower right part, the necrotic cells and late apoptotic cells that stained by Annexin V-FITC and PI showed in the upper right part. For the HepG cells, the early apoptosis rate of the control group and atractylon (5, 10, and 20 μM) were 0.22%, 14.4%, 29.3%, and 49.9% and the late apoptosis rate were 0.087%, 0.016%, 0.55%, and 0.52%, respectively. Atractylon significantly increased the early apoptosis level of HepG2 cells. For the MHCC97H cells, the early apoptosis rate of the control group and atractylon (5, 10, and 20 μM) were 8.58%, 8.94%, 9.98%, and 14.2% and the late apoptosis rate were 2.67%, 5.24%, 15.6%, and 22.6%, respectively. Atractylon significantly increased the level of late apoptosis level in MHCC97H cells. The results suggested that although atractylon significantly increased the total apoptosis rate of HepG2 and MHCC97H cells, it mainly increased early apoptosis in HepG2 cells and late apoptosis in MHCC97H cells.Figure 2The effect of atractylon on hepatic cancer cell apoptosis and apoptosis-associated protein expression. (**A**) The apoptosis rate of HepG2 and MHCC97H cells that treatment with atractylon (0, 5, 10, 20 μM) for 24 h was determined by flow cytometry. (**B**) The expression of Bcl-2, Bax, and cleaved caspase-3 in HepG2 and MHCC97H cells that treatment with atractylon (0, 5, 10, 20 μM) for 24 h was detected by Western blot. (**C**) The expression of ATP5A and GAPDH in the mitochondrial (Mito) and cytosolic (Cyt) fractions that isolated from the cells was determined by Western blot. (**D**) The expression of Bcl-2 and Bax in the mitochondrial (Mito) was determined by Western blot. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001.

Moreover, the effect of atractylon on the expression of apoptosis-associated proteins such as Bcl-2, Bax and cleaved caspase-3 in the HepG2 and MHCC97H cells were also evaluated. As shown in [Figure 2B](#F0002){ref-type="fig"}, atractylon (0, 5, 10, 20 μM) significantly inhibited the expression of the anti-apoptotic factor Bcl-2 and promoted the expression of the pro-apoptotic factor Bax and cleaved caspase-3 in both hepatic cancer cell lines (*P\<*0.001). Normally, Bax is localized to the cytosol, and it would translocate to the mitochondria after apoptotic stimulation. To provide convincing evidence to support our hypothesis, the mitochondrial and cytosolic fractions were isolated from the cells, and the contents of Bax and Bcl-2 were detected. As shown in [Figure 2C](#F0002){ref-type="fig"}, the ATP synthase-α (ATP5A), an indicator of mitochondrial, was enriched in the mitochondrial fractions, while GAPDH was only enriched in the cytosolic, suggesting the mitochondrial and cytosolic fraction was separated successfully. As shown in [Figure 2D](#F0002){ref-type="fig"}, the expression of Bax and Bcl-2 in the mitochondrial was consistent with the level in the cells, suggesting that Bax was translocated to the mitochondria. These results indicated that atractylon promotes apoptosis of hepatic cancer cells may via the mitochondrial pathway.

Atractylon promotes apoptosis by reducing mitochondrial membrane potential (∆Ψm) and increasing ROS {#S0003-S2003}
---------------------------------------------------------------------------------------------------

Our current study demonstrated that atractylon inhibits proliferation and promotes apoptosis of hepatic cancer cells. Many studies have shown that mitochondrial apoptotic pathway is closely related to tumor cells apoptosis, so we investigated the effect of atractylon on the disruption of mitochondrial transmembrane potential (∆Ψm), an early event in the apoptotic process, and intracellular ROS for the hepatic cancer cell lines.[@CIT0021] As shown in [Figure 3A](#F0003){ref-type="fig"}, 10.5%, 16.5%, and 19.2% of cells lost mitochondrial membrane potential after treatment with atractylon at 5, 10, and 20 μM as compared with control group (5.65%) in HepG2 cells and 10.8%, 13.3%, and 17.4% of cells lost mitochondrial membrane potential in MHCC97H cells, respectively. Moreover, ROS was considered to be able to trigger apoptosis in the mitochondria.[@CIT0022] So the effect of atractylon on the intracellular ROS levels was detected. As shown in [Figure 3B](#F0003){ref-type="fig"}, there was showed a low fluorescence intensity in the control group of both HepG2 and MHCC97H cells, however, the fluorescence intensities were increased significantly after treatment with atractylon, indicating an enhanced ROS level.Figure 3Atractylon induces losing of mitochondrial membrane potential (∆Ψm) and increasing ROS. (**A**) The mitochondrial membrane potential (∆Ψm) of HepG2 and MHCC97H cells that were treated with atractylon (0, 5, 10, 20 μM) was determined by flow cytometry. (**B**) The intracellular ROS level of HepG2 and MHCC97H cells after treatment with atractylon (0, 5, 10, 20 μM) was determined by 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA) method. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001.

Atractylon inhibits the migration and invasion of hepatic cancer cells via EMT process {#S0003-S2004}
--------------------------------------------------------------------------------------

The migration and invasion ability of tumor cells plays an important role in various tumor metastasis.[@CIT0023] Therefore, the effect of atractylon on the migration and invasion ability of HepG2 and MHCC97H cells were further determined. As shown in [Figure 4A](#F0004){ref-type="fig"}, a large number of HepG2 and MHCC97H cells were migrated from the upper chambers to the lower chambers in the control group. However, the migrated cells were sharply decreased when treated with different concentration of atractylon (5, 10, 20 μM). Similar results were also observed in the invasion assay ([Figure 4B](#F0004){ref-type="fig"}), atractylon significantly decreased the invasion ability of HepG2 and MHCC97H cells (*P\<*0.001).Figure 4Atractylon inhibits HepG2 and MHCC97H cell migration and invasion. (**A**) The migration ability of HepG2 and MHCC97H cells that were treated with atractylon (0, 5, 10, 20 μM) was determined by the Transwell chamber. (**B**) The invasion ability of HepG2 and MHCC97H cells that were treated with atractylon (0, 5, 10, 20 μM) was determined by the Transwell chamber. (**C**) The expression of MMP-2, MMP-9, and TIMP2 in HepG2 and MHCC97H cells that were treated with atractylon (0, 5, 10, 20 μM) was detected by Western blot. (**D**) The expression of EMT markers (E-cadherin, N-cadherin, Vimentin, and α-SMA) in HepG2 and MHCC97H cells that were treated with atractylon (0, 5, 10, 20 μM) was detected by Western blot. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001.

Epithelial-mesenchymal transition (EMT) is considered to be the initial step in the spread of tumor cells, leading to invasion and metastasis of malignant tumors.[@CIT0024] So the expression of EMT markers, such as E-cadherin, N-cadherin, Vimentin, and α-SMA, in the hepatic cancer cell lines was determined. As shown in the [Figure 4C](#F0004){ref-type="fig"}, the control group showed a low level of E-cadherin and high levels of α-SMA, Vimentin, and N-cadherin, indicating that EMT occurred in HepG2 and MHCC97H cells and the epithelial phenotype was lost. However, the expression level of E-cadherin was increased and the expression levels of α-SMA, Vimentin, and N-cadherin were decreased significantly after treatment with atractylon (*P\<*0.001). These results indicated that the atractylon inhibited the EMT process of HepG2 and MHCC97H cells. Furthermore, previous studies have shown that the MMPs such as MMP-2 and MMP-9 promotes the EMT process of degrading the basement membrane and promoting invasion.[@CIT0011],[@CIT0025] Therefore, the expression of MMP-2 and MMP-9, and TIMP2 in the hepatic cancer cell lines was also determined. As shown in [Figure 4D](#F0004){ref-type="fig"}, the control group showed a high level of MMP-2 and MMP-9 and a low level of TIMP2 in both HepG2 and MHCC97H cells. Atractylon decreased the expression of MMP-2 and MMP-9 and increased the expression of TIMP2, an inhibitor of MMP, significantly (*P\<*0.001). Altogether, these results suggested that atractylon inhibited the migration and invasion of hepatic cancer cells via EMT process.

Atractylon inhibits hepatic cancer growth in vivo {#S0003-S2005}
-------------------------------------------------

Our present data have demonstrated that atractylon showed significant antitumor activity in vitro, in order to extend the in vitro effect of atractylon to the in vivo situation, a subcutaneous hepatic cancer tumor mouse model was established. The tumor-bearing mice were received intragastric administration of atractylon at the dose of 5 and 10 mg/kg for 15 d. The tumor volume and weight were recorded. As shown in [Figure 5A](#F0005){ref-type="fig"}, the tumors from the mice that treatment with atractylon was obviously smaller than the control group visually, the data of volume and weight were consistent with the pictures. The Ki-67, an indicator closely related to tumor cell proliferation, was determined by IHC. As shown in [Figure 5B](#F0005){ref-type="fig"}, the control group showed a large number of positive staining nuclear Ki-67, indicating that the subcutaneously injected HepG2 cells proliferated actively. Atractylon inhibited the proliferating cells that stained positive for nuclear Ki-67 significantly. Furthermore, the effect of atractylon on the expression of EMT markers (E-cadherin, N-cadherin, Vimentin, and α-SMA), EMT promoters (MMP-2 and MMP-9, and TIMP2), and apoptosis-associated factors (Bcl-2, Bax, and cleaved caspase-3) in vivo was also investigated. As shown in [Figure 5C](#F0005){ref-type="fig"}, the decrease of epithelial marker E-cadherin and increase of mesenchymal markers α-SMA, N-cadherin, and Vimentin were observed in the xenograft tumor tissues. Consistent with the data of in vitro tests, atractylon significantly increased the expression of E-cadherin and decreased the expression of α-SMA, Vimentin, and N-cadherin. Similarly, atractylon significantly increased the expression of TIMP2 and decreased the expression of MMP-2 and MMP-9. In addition, atractylon also significantly decreased the expression of Bcl-2 and increased the expression of Bax and cleaved caspase 3 in vivo ([Figure 5D](#F0005){ref-type="fig"}). These results indicated that atractylon inhibited the growth of hepatic cancer and showed an inhibition effect on EMT process.Figure 5The antitumor effect of atractylon in vivo. (**A**) A in vivo hepatic cancer tumor mouse model was established by implanting subcutaneously with 100 μl HepG2 cell suspensions (1×10^7^ cells/mouse) into the left dorsal. The tumor volume was measured every 3 days, the tumor tissues were excised, photographed, and weighed at the end. (**B**) The expression of Ki-67 in the tumor sections was detected by IHC staining (20×). (**C**) The expression of MMP-2, MMP-9, TIMP2, E-cadherin, N-cadherin, Vimentin, and α-SMA in xenograft tumor tissues was detected by Western blot. (**D**) The expression of Bcl-2, Bax, and cleaved caspase 3 in xenograft tumor tissues was detected by Western blot. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.

Discussions {#S0004}
===========

Hepatic cancer is one of the most common malignant worldwide with considerable metastatic potential. In the early-stage of hepatic cancer, the clinical symptoms were not obvious, most patients have developed in advanced stages when diagnosed. Distant metastasis, which promoted by the invasion and migration of tumor cells, is one of the major causes of high recurrence and mortality among hepatic cancer patients.[@CIT0009] Due to the complicated molecular mechanism and genetic differences, the present chemotherapy agents are limited and not effective for all the hepatic cancer patients. Therefore, the safer and more efficacious novel chemotherapy agents are urgently needed development for hepatic cancer.

Chinese medicine herb has been used to treat various diseases under the guidance of the traditional Chinese medicine theory for thousands of years in China. In recent decades, the natural original products from herbs or their derivatives have become an important source of discovering and developing new anticancer drugs.[@CIT0012] Atractylon is an active constituent isolated from *Atractylodes lancea* (Thunb.) DC. and *Atractylodes chinensis* (DC.) Koidz., which proved to have multiple activities, such as anti-inflammatory, antinociceptive, antiviral, anti-ulcer, antitumor, and Na^+^/K^+^-ATPase inhibition activity.[@CIT0017]--[@CIT0020] Our current study expanded the potential antitumor activity of atractylon in hepatic cancer. The results showed that atractylon not only inhibited proliferation and induced apoptosis of hepatic cancer cells in vitro, and also showed a significant antitumor effect in vivo. Therefore, its underlying mechanism was further investigated.

Numerous evidence has demonstrated that mitochondria play an important role in apoptosis, tumorigenesis, and drug resistance. The mitochondrial signal transduction pathway has a special position in cellular energy metabolism and apoptosis initiation.[@CIT0026] Mitochondrial damage is characterized by losing mitochondrial membrane potential (Δψm), increasing membrane permeability, releasing of apoptogenic factors from mitochondria into the cytosol, and losing of oxidative phosphorylation, it would induce irreversible apoptosis ultimately.[@CIT0027] Our data showed that atractylon significantly promoted the apoptosis and induced the loss of membrane potential of hepatic cancer cells. In addition, atractylon also increased the level of ROS, which can directly result in activation of the mitochondrial membrane permeability and losing of mitochondrial transmembrane potential (∆Ψm).[@CIT0028] Studies have shown that Bcl-2 family proteins play a major regulatory role in mitochondria-dependent apoptosis. Under normal conditions, Bax is localized to the cytosol and combines with Bcl-2 to form a heterodimer, which stabilizes the cytoplasmic localization of pro-apoptotic proteins and inhibits apoptosis. However, Bcl-2/Bax balance can be broken by a variety of apoptosis-inducing signals, resulting in Bax to dissociate from the Bcl-2/Bax heterodimer and translocates to the mitochondrial membrane to initiate apoptotic pathway.[@CIT0029] Our studies suggested that atractylon significantly increased the pro-apoptotic proteins such as Bax and caspase-3 and decreased anti-apoptotic protein Bcl-2 levels in a dose-dependent manner. We also investigated the contents of Bax and Bcl-2 in the mitochondrial and cytosolic. The expression of Bax and Bcl-2 in the mitochondrial was consistent with the level in the cells, suggesting that Bax was translocated to the mitochondria. In addition, atractylon also decreased the expression of Bcl-2 and increased the expression of Bax and cleaved caspase 3 in vivo. These results indicated that atractylon promotes apoptosis of hepatic cancer cells may via the mitochondrial apoptotic pathway.

Numerous evidence has shown that the epithelial cell malignancies can acquire migration and invasion ability through epithelial-mesenchymal transition (EMT), which promotes tumor spread and metastasis. The main feature of EMT is the loss of epithelial markers such as E-cadherin and ZO-1 and accompanied by an increase of mesenchymal markers, such as α-SMA, N-cadherin, and Vimentin.[@CIT0030] Our present study revealed that atractylon inhibited the migration and invasion of hepatic cancer cells and increased the level of E-cadherin and decreased the level of α-SMA, N-cadherin, and Vimentin. Cancer metastasis is a multistep process that involves a series of complex interactions.[@CIT0031] Degradation of the extracellular matrix and basement membrane is a key step to promote tumor cell migration and invasion. Matrix metalloproteinases (MMPs) family is an important class of proteolytic enzymes that degrade the extracellular matrix. It plays an important role in the degradation of extracellular matrix, and high expression of MMPs can promote the invasion and migration of tumor cells.[@CIT0032] MMP-2 and MMP-9 are two important MMPs that highly expressed in a variety of tumors and play an important role in the degradation of extracellular matrix basic skeleton IV collagen.[@CIT0033] In this experiment, we found that atractylon can effectively inhibit the expression of MMP-2 and MMP-9 and increase the expression of TIMP2, an inhibitor of the MMPs. Furthermore, the effect of atractylon on the expression of EMT markers and EMT promoters in vivo was also investigated. Consistent with the in vitro data, atractylon significantly increased the expression of E-cadherin and decreased the expression of α-SMA, Vimentin, and N-cadherin. Similarly, atractylon significantly increased the expression of TIMP2 and decreased the expression of MMP-2 and MMP-9. Taken together, these results indicated that atractylon inhibits migration and invasion of hepatic cancer cells by inhibiting EMT and down-regulating MMP-2 and MMP-9 expression.

In conclusion, we evaluated the antitumor effect of atractylon in vitro and in vivo and investigated its underlying mechanism of invasion inhibition. The results suggested atractylon inhibited the proliferation and induced apoptosis of hepatic cancer cells via the mitochondrial apoptotic pathway. Furthermore, these results also suggested that atractylon inhibits migration and invasion of hepatic cancer cells by inhibiting EMT and down-regulating MMP-2 and MMP-9 expression. In addition, atractylon significantly inhibited hepatic cancer growth in vivo. In all, this study suggested that atractylon showed a promising antihepatic cancer effect with inhibiting proliferation, inducing apoptosis, and blocking invasion in vitro and inhibiting growth in vivo.
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